trations in humans and different animal species (4, 5) . Most studies of EPA and DHA have been done to compare fish oils and vegetable oils, therefore little information is available on the effects of the structure of lipid molecules rich in EPA and DHA on lipid metabolism. Recently, Yoshida et al. reported that dietary seal oil, in which n-3 HUFA are mainly located in the sn-1 and 3 positions of the TG, more effectively reduced plasma and liver TG concentrations than fish oil, in which n-3 HUFA are mainly in the sn-2 position (6, 7). According to their observations, the structural differences in oils may influence the tissue lipid contents. However, there is a possibility that the differences in the n-3 HUFA composition between seal and fish oils may cause their consequence. Therefore, to assess the effect of the molecular structure of n-3 HUFA-containing lipids on lipid metabolism, a study using highly purified acylglycerols with well defined structure is needed. In addition, diacylglycerols (DG) which generally are the minor constituents in dietary fats, have been suggested to lessen the plasma TG levels after ingestion as a major dietary lipid compared with the ingestion of an equal amount of TG (8) . The chronic intake of DG was reported to result in the retardation of fat accumulation in the body (9) . In this context, we compared the metabolic effects of purified DHA given as monoacylglycerol (MG), DG, TG and ethyl ester (EE) form in rats.
Materials and Methods

1 Preparation of DHA-Containing Lipids
DHA-EE (purity 70 %) was prepared by Central Research Laboratory, Nippon Suisan Kaisha, Ltd., Hachioji, Tokyo, Japan. Free DHA was prepared from DHA-EE by saponification. DHA-MG, DG, and TG were chemically synthesized by the esterification of free DHA with glycerol, as described previously (10) , and purified through a silica gel column. Lipid composition and fatty acid composition of synthesized lipids are shown in Table 1 and Table 2 . The concentration of sn-1(3)-MG in DHA-MG was higher than 90% and the concentration of sn-1,3-DG in DHA-DG was higher than 70%. The purities of DHA-TG and EE were almost 100%. The DHA concentrations of all the preparations were approximately 70%, and the major impurity was the docosapentaenoic acid (n-3, about 20%).
Animals and Diets
Male Sprague-Dawley rats, 4 weeks old (Clea Japan Inc., Tokyo, Japan), were fed a commercial non-purified diet (F-2; Funabashi Farms, Chiba, Japan) for 7 d. They were housed individually in stainless-steel mesh cages at a constant temperature (20) (21) (22) (23) (24) (25) with a 12 h light/ dark cycle (lighting 08:00-20:00). The rats were then divided into 5 groups of 6 animals each, and given only the freshly prepared experimental diets by 17 g/d at 19:00 for 7 d. The experimental diets were prepared according to the recommendation of the American Institute of Nutrition (11) , and contained (g/kg diet) 367.5g of cornstarch, 200g of casein, 132g of a-cornstarch, 100g of sucrose, 100g of fat, 50g of cellulose, 35g of AIN-93G mineral mixture, 10g of AIN-93 vitamin mixture, 3g of L-cystine, and 2.5g of choline bitartrate. The mineral and vitamin mixtures were purchased from Oriental Yeast Co., Ltd., Tokyo, Japan. The dietary fats were designed to have a constant polyunsaturated/ monounsaturated/ saturated fatty acids ratio as shown in Table 3 . The dietary fats were prepared by mixing palm oil, safflower oil, and DHA-containing lipids. Body weights were recorded daily. Feces were collected for 2 d from day-5 to day-7 of the test period, freeze-dried and preserved at -30 until used. At the end of the test period, the rats were killed by withdrawing blood from the abdominal aorta into a heparinized syringe after 8 
Metabolism of DHA Given as TG, DG, MG, and EE
g/L NaCl and weighed.
3 Lipid Analyses
Total lipids were extracted according to the procedure of Folch et al. (12) in the presence of butylated hydroxytoluene (0.01%) as an antioxidant. Plasma total cholesterol (T-Chl), high density lipoprotein (HDL) -cholesterol (HDL-C), TG and phospholipids (PL) were determined using the Cholesterol E-test, HDL-cholesterol E-test, Triglyceride E-test and the Phospholipid test (Wako Pure Chemical Ind., Ltd., Osaka, Japan), respectively. For the determination of liver T-Chl and TG, an aliquot of the extract was dissolved in Triton X-100 (13) . Liver T-Chl and TG were then determined in a similar way to that of plasma, by enzymatic reagent kits. Liver PL was also determined chemically similar to that of plasma. Fractions of TG and PL were separated by thin-layer chromatography (TLC), and the fatty acid composition was analyzed by gas-liquid chromatography (GLC) equipped with a fused silica capillary column (CP-SIL88; 0.25 mm i.d. x 50 m, Chrompack, Middleburg, Netherlands) as described previously (10).
4 Statistical Analyses
The results were expressed as mean S.E., and the differences were assessed by a one-way analysis of variance followed by a Duncan's new multiple range test. The differences were considered significant at P 0.05.
Results
The rats in all the groups grew well by eating the experimental diets and there were no significant differences in body weight gain and relative tissue weight among the five groups as shown in Table 4 .
The apparent absorption rates of dietary fats and DHA are shown in Table 5 . In our previous study in which DHA-MG, DG, TG and EE were infused to rats under the restriction of water supply, lymphatic absorption of DHA as TG and EE were less effective than those as MG and DG (10) . In the present study, the absorption rates of DHA were slightly, but significantly higher in the rank order DHA-MG DG TG EE. This order was consistent with our previous study, but the absorption rates of the total fat and DHA were almost quantitative ( 95%) in all groups in this experiment, while the lymphatic recovery of DHA given as MG were about two-folds higher than those of the corresponding TG and EE in the previous experiment. Therefore, it is thought that under a normal condition, DHA given as TG and EE are efficiently absorbed as well as the MG and DG forms. The feeding of DHA as an ingredient of feeds may also be responsible for the high recovery in this experiment.
The concentrations of plasma and liver lipids are shown in Table 6 . The concentrations of plasma total and HDL cholesterol in the four DHA groups were significantly lower than in the control group. DHA-DG and TG were more effective for lowering plasma total cholesterol concentration than DHA-MG. Furthermore, DHA-DG was more effective than DHA-EE. The plasma TG concentration was significantly lower in the DHA-DG and TG groups than in other groups, and the reduction was more pronounced in the DHA-TG group than in the DHA-DG group. The plasma phospholipid concentration was significantly lower in the DHA groups than in the control group. DHA-DG and TG were more effective for lowering plasma phospholipid concentration than DHA-MG or EE. Moreover, DHA-TG was more effective than DHA-DG. There were no significant differences in the concentration of liver triacylglycerol and phospholipid among the dietary groups.
The fatty acid composition of plasma total lipids is shown in Table 7 . DHA feeding increased the proportion of docosapentaenoic acid (22: 
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compared with the control group. The percentage of total n-3 fatty acids in the DHA-EE group was significantly higher than in other three DHA groups. Dietary DHA decreased the proportion of arachidonic acid accompanying a moderate increase in dihomo-g-linoleic acid (20:3n-6), compared with the control group. The percentage of total n-6 fatty acids in the DHA-EE group was significantly lower than in the other three DHA groups.
The fatty acid compositions of three major classes in liver lipids are shown in Table 8 . The four DHA groups, compared with the control group, had enriched EPA, docosapentaenoic acid and DHA in all lipid classes examined. The percentages of total n-3 fatty acids were significantly higher in the DHA-TG group than in other DHA groups in total lipids, as well as in phospholipid fractions.
Discussion
In the present study, dietary DHA effectively diminished the plasma cholesterol concentration. This effective diminution of plasma cholesterol by dietary DHA has already been reported in experimental animals (14, 15) . It has been reported that the hypocholesterolemic effect of fish oils containing n-3 HUFA is accompanied by a significant inhibition of the hepatic 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase activity (16, 17) . Recently, Frφyland et al. have shown that the administration of DHA-EE decreased the activity of microsomal HMG-CoA reductase, but had no effect on acyl-CoA cholesterol acyltransferase activity and the mRNA level of low density lipoprotein receptor (18) . From this point of view, the cholesterol lowering effect after our treatment with DHA-containing lipids may, in part, be due to the inhibition of cholesterol biosynthesis.
The hypotriglyceridemic effect of fish oils has been recognized in humans as well as different animal species (19, 20) . Fish oil lowers plasma TG by reducing the hepatic fatty acid synthesis and secretion of very low density lipoproteins (VLDL) and by increasing the mitochondrial fatty acid oxidation in the liver (21, 22) . These effects of fish oil have been ascribed to EPA in these oils, but not to DHA (14, 15, 22, 23) . However, recent studies using purified DHA have demonstrated that dietary DHA lowers the plasma TG level in rats (24) . In the present study, the plasma TG concentration was significantly lower in the rats fed the DHA-DG and DHA-TG diets compared to the control rats, but was not significant in those fed the DHA-MG and DHA-EE. We also found that dietary DHA-DG and DHA-TG 
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more effectively reduced the concentrations of plasma cholesterol and phospholipid than DHA-MG and DHA-EE. As the absorption of dietary DHA was almost quantitative in all DHA-groups, the discrepancy in these hypolipidemic effects of DHA-containing acylglycerols may be attributable to the difference in the transport and accumulation of DHA in tissues, especially in the liver.
As shown in Table 8 , the analysis of fatty acid composition in plasma and liver lipids showed that the acylglycerol structures of DHA in the dietary fats altered the distribution of DHA in tissue lipids. Dietary DHA elevated the percentage of n-3 fatty acids accompanying a complementary decrease of arachidonic acid in plasma and liver lipids. However, more n-3 PUFAs were incorporated into liver total lipids in the rats fed the DHA-TG diet than in those fed the other diets. These results suggest that the incorporation of DHA into the liver was more preferential in rats fed the DHA-TG than in those fed the other types of DHA-containing lipids. A possible reason for the effective reduction of plasma lipids by feeding the DHA-TG diet was the increased availability of DHA in the liver. However, this hypothesis does not explain the potent plasma lipidslowering effect by the feeding of DHA-DG. During the absorption process of dietary TG, acyl chains are not completely hydrolyzed to free fatty acids, but the greater part (about 80%) of the fatty acids located in the sn-2 position are conserved and incorporated into chylomicron TG (25) . Because lipoprotein lipase, which hydrolyze chylomicron TG, shows positional specificity for the sn-1,3 position of TG (26) , DHA in the sn-2 position of glycerol may be preferentially transported to the liver as a member of chylomicron remnants. DHA is distributed in the sn-2 position of glycerol only in the case of DHA-TG in this experiment. This may be a reason why n-3 PUFAs were enriched in liver lipids in rats fed the DHA-TG diet than in those fed the other DHA diets.
Hara et al. have shown that the dietary DG, prepared from rapeseed fatty acids, decreased the serum TG concentration in rats compared with rapeseed oil TG (8) . But in the present study, the dietary fat containing DHA-TG more effectively lowered the serum TG concentration than fat containing DHA-DG in rats. The significant reduction of the serum triacylglycerol by dietary DG was recognized only when the dietary fats contained more than 50% of DG. In our present study, the DHA-containing lipids were added at a 10% level in total fats. This level of DG was suggested to be too low to exhibit the hypotriglyceridemic effects. Moreover, in rapeseed oil, oleic acid (about 60%) and linoleic acid (about 20%) are the major constituent fatty acids, while HUFAs, such as DHA, were not existent. This discrepancy in the fatty acid composition is responsible for the difference in the effects on the plasma TG concentration.
In summary, the present study suggests that the different molecular structure of DHA-containing lipids affects the plasma lipid profiles in rats. Further studies are required to clarify the mechanisms for these different effects based on the molecular structure.
